X-Ray spectroscopy is used to examine the effect of the manganese oxidation state for a series of Mn model compounds. Sensitive to Mn oxidation and structural symmetry, X-ray absorption and emission spectroscopy (XAS and XES) provide complementary insights. However, few benchmark examples of complexes with similar structures but in different oxidation states are available to evaluate data from unknown structures like the oxygen evolving complex (OEC) of Photosystem II (PSII). This study examines two types of compounds prepared in a variety of Mn oxidation states and which possess chemical structures with Mn-Mn interactions (B2.7 Å and B3.3 Å ) that have been observed in the OEC. Model complexes with core compositions Mn 3 O and Mn 4 O 2 contain combinations of Mn in either a reduced (II) or oxidized (III) state. Within each set of compounds, complexes with higher Mn oxidation states have absorption K-edge energy values that are higher (1.6-2.2 eV) than those of their more reduced counterparts. This trend is accordingly reversed in the Kb emission spectroscopy where the first moment energy values are lower (0.09-0.12 eV) for compounds with higher Mn oxidation states. We will discuss in detail, how these trends can be quantitatively used to characterize the effects of the Mn oxidation state as well as the surrounding ligand environment on the observed X-ray spectra. The results are discussed with respect to previously obtained data on different S-states of the OEC.
Introduction
X-ray spectroscopy is ideally suited to study the oxidation state of an element within a protein because the element in question can be selectively probed without interference from the surrounding matrix. A number of redox-active metal centers within metalloproteins have been well characterized using Xray absorption near edge structure (XANES) spectroscopy [1] [2] [3] [4] [5] [6] [7] and recent innovations in detection instrumentation 8, 9 have now enabled the collection of X-ray emission spectra (XES) from such biological systems.
The photosynthetic oxygen evolution center (OEC) of Photosystem II (PSII) is a Mn 4 Ca cluster that undergoes a cycle of four intermediate S-states (S 0 , S 1 , S 2 , S 3 ) before releasing dioxygen during the S 3 -S 0 transition. 10 The precise structure and mechanism that enable this catalytic function are unknown. X-ray crystallography studies at 3.7 Å and 3.6 Å resolution have identified electron density corresponding to the metal center and have proposed a bent 'Y' shaped Mn cluster. 11, 12 Most recently, Ferreira et al. 13 propose a cubane-like structure for the Mn 4 Ca cluster but the resolution of 3.5 Å is not sufficient for a definitive conclusion. EXAFS analysis of the OEC have provided parameters that are consistent with several topological models. [14] [15] [16] [17] Previous XAS studies show that there is a consensus of Mn-Mn interactions within the cluster with one mono-m-oxo (B3.3 Å ) and two or three di-moxo (B2.7 Å ) bridges. [16] [17] [18] Sr and Ca EXAFS have demonstrated the proximity of Ca(Sr) to the Mn and the presence of a Mn 4 Ca cluster in the OEC. 19, 20 The ultimate structure of the OEC has significant implications for the mechanism of water oxidation. Although the Kok cycle establishes a series of oxidation steps in PSII before dioxygen release, there is much debate over the role of the Mn and its oxidation state, in particular during the S 2 -S 3 transition. [14] [15] [16] [17] It is therefore important to study known model systems to provide a sound framework for discussion of unknown structures.
XANES and XES have different underlying physical processes 21 and are complementary tools to probe the Mn electronic environment. The strongest features in XANES arise from 1s -4p electronic absorption (Fig. 1A ) and are typically preceded by a small feature assigned to the dipole-'forbidden' 1s -3d transition. Observed changes in the shape and position of this K-edge have been attributed to oxidation state, symmetry, ligand environment, and electronic coupling. Kb XES is based on measuring the spectral distribution of the 3p -1s transition (Fig. 1B ) after 1s core hole excitation. The exchange interaction of the unpaired 3d electrons with the 3p hole in the final state of the 3p -1s fluorescence transition leads to two spectral features: Kb 0 for parallel interactions and Kb 1,3 for antiparallel interactions. 22 Because the number of unpaired 3d electrons relates directly to the oxidation state in high-spin systems, changes in the Kb 0 -Kb 1,3 splitting can be used to quantify changes in the oxidation state. 23, 24 In comparison to XANES, the intrinsically different nature of the Kb XES shifts leads to a lesser dependence on the surrounding ligand environment thus enabling a more reliable measure of oxidation state changes in the probed element. Visser et al. 25 have demonstrated this technique for a series of Mn-oxo binuclear complexes prepared electrochemically and reported consistent decreases in the Kb 1,3 first moment energy for Mn(II,III -III,IV -IV,IV) oxidation state changes. PSII has also been recently characterized using Kb XES. The Mn 4 Ca cluster of the OEC was examined at each transition step of the Kok cycle; the change in the Kb 1,3 first moment energy during the S 2 -S 3 transition was deemed too small to attribute to a change in the Mn oxidation. 26 XANES data from other groups 27,28 dispute this conclusion. In the work presented here, we will scrutinize Kb XES and XANES techniques with structural model compounds relevant to the OEC. The results can then be used as indicators of analogous changes in Mn oxidation in the OEC and other metalloproteins.
The two sets of compounds studied contain the expected structural motifs of the OEC Mn cluster (B2.7 Å and B3.3 Å Mn-Mn interactions). The compounds with a Mn 3 O core share a mono-m-oxo bridge while the tetranuclear Mn compounds have both mono-m-oxo and di-m-oxo Mn-Mn moieties (Fig. 2) . In each case, we examine a set of two compounds where one compound has all Mn moieties in the Mn III state and its structural analog has one Mn II while the other Mn atoms remain at Mn III . We will show how the Mn oxidation state contributes to changes in both the XANES and Kb XES. Within each set, the more oxidized compounds possess a higher XANES K-edge energy and conversely a lower Kb 1,3 first moment energy relative to the Mn II -containing compounds. To assess the sensitivity of each technique to the overall ligand environment, we compare the difference spectra of the XANES and Kb XES across each set of compounds. In addition, the symmetry of the Mn 3 O core is strongly affected by the presence of the Mn II atom and this has important consequences in the observed spectra that are particularly evident in the XANES and EXAFS data. Applying these methods to model systems, we will show that the combination of these two spectroscopic techniques provides a powerful tool for determining changes in the oxidation state of a redox-active metal center. (II) . Samples for XAS measurements were prepared by diluting each model compound with boron nitride in a 1 : 10 ratio then packing this powder mixture into 0.5 mm thick aluminum sample holders (4 mm Â 20 mm) sealed with Mylar windows. For Kb XES, the compounds were not diluted and were packed into slightly thicker aluminum sample holders (1 mm) sealed with Kapton windows.
X-ray absorption spectroscopy
XAS data were gathered at beam lines 2-3 and 9-3 of the Stanford Synchrotron Radiation Laboratory, operating at 3.0 GeV with beam currents between 70 and 100 mA. Details of the experimental set-up have been previously described 14, [36] [37] [38] and are summarized here. A monochromator outfitted with Si h220i crystals detuned to 50% was used to provide radiation in the 6.4-7.1 keV energy range. Sample temperature was maintained at 10 AE 2 K with a liquid helium cryostat (Oxford Instruments, Bedford, MA). Data were collected as fluorescence excitation spectra using either a Lytle detector filled with argon gas, or a cooled 13-element Ge detector, placed orthogonal to the incident beam. Scans were collected from 6520 to 7100 eV, with step sizes of 0.2 eV in the XANES region (6535 to 6575 eV) and 0.5 Å À1 in the EXAFS region (k ¼ 2 to 12 Å À1 ). Energy calibration was achieved by simultaneous reference to the pre-edge XAS feature from KMnO 4 (6543.3 eV, FWHM r 1.7 eV).
The method of data preparation for XANES and EXAFS analysis has been previously documented. 14, 38 For each sample, all measured absorption scans were calibrated and then combined to improve the signal-to-noise ratio. The pre-edge background was fit to a straight line and subtracted from the spectra. The data were then divided by the Mn free-atom absorption and normalized to unity at the absorption edge by extrapolating a quadratic line fit from the post edge region (47000 eV) to intersect with the rising edge. The K-edge energy position was deduced from the inflection point energy (IPE) of the main absorption edge as determined from the zerocrossing of its second derivative. Analytical differentiation of the absorption edge utilized a third-order polynomial fit over a region of specified length. The data were subjected to differentiation intervals of 5 eV (AE2.5 eV from each data point) and 2 eV (AE1.0 eV) to assess the variability in the IPE value due to the size of the differentiation interval. The 5 eV interval is typically used for PS II XAS data.
For analysis of the EXAFS region, an initial background removal was performed by fitting a quadratic or polynomial line to the post edge region and subtracting it from the spectra. As previously described, 15 the resulting spectra were then converted into a photoelectron wave vector denoted as 'kspace' and weighted by k 3 . A spline function was subtracted prior to performing a Fourier transform (FT). The FT contains peaks appearing at R 0 representing scatterers at average distance hRi from Mn. Due to the phase shift, the apparent distance R 0 is generally less than hRi by 0.2-0.5 Å .
Kb X-ray emission spectroscopy
Kb XES measurements were performed at the SSRL beamline 10-2. A water cooled Si h111i double crystal monochromator was operated at 8.5 keV excitation energy and a beam size of 1 mm vertical by 5 mm horizontal. Samples were at room temperature and incident flux and sample exposure were chosen to minimize spectral changes due to radiation damage. Incident flux (I 0 ) was recorded with a gas filled ion chamber, and the spectra were normalized by dividing the recorded fluorescence intensity by I 0 . The spectrometer used for Kb XES experiments has been previously described in detail. 9 Briefly, the fluorescence spectrum emitted from the sample is analyzed using eight spherically curved Si h440i analyzer crystals operating on intersecting Rowland circles at Bragg angles close to backscattering (B841 In each case, the more oxidized compound of the set produces a XANES profile that is shifted to higher energy and has subtle changes in the overall shape. The magnitude of the shift depends on the type of compound. The inflection point energy (IPE), taken as the zero crossing of the second derivative is typically reported as the K-edge energy and these are summarized in 
(II).
To compare the shape of the edge shifts in the two sets of compounds, the difference XANES spectra (i.e., within a set of compounds, the XANES of the reduced compound minus that of the oxidized compound) is shown in Fig. 6A later. The absorption profile of each compound is affected to different degrees upon changing the Mn oxidation state. As in the IPE values, the Mn oxidation state appears to have a greater effect on the XANES of the Mn 4 O 2 compounds thereby producing a larger negative feature at B6550 eV. The area 46555 eV, typically indicative of ligand interactions, also reflects the differences in the overall ligand environment of the Mn atoms between the two sets of compounds despite similarities in the Mn oxidation state.
Kb XES
The Kb XES spectra of all four compounds are presented in Fig. 5 . The weaker Kb 0 peak is at B6476 eV while the much stronger Kb 1,3 peak occurs at B6492 eV. Within each set, the Mn II containing compounds have a larger Kb 0 feature while the Kb 1,3 peak is shifted slightly in position to higher energy.
We characterize the Kb 1,3 energy with the first moment hEi, using an energy interval from 6485 to 6495 eV. The Kb 1,3 hEi values for each compound and the observed differences in magnitude are summarized in Table 1 . Opposite in effect to XANES, the more oxidized compound within each set exhibits a lower hEi for the Kb 1,3 peak compared to its reduced analog. It is important to note that the observed shifts in hEi scale with the fractional change in oxidation state: 0.12 eV for Mn 3 O (1 out of 3) and 0.09 eV for Mn 4 O 2 (1 out of 4). This indicates that Kb 1,3 XES first moment shifts are a reliable method in measuring oxidation states. Furthermore, Fig. 6B shows that the difference Kb XES spectra of each set of compounds have very similar shapes despite differences in core structure and terminal ligands. The position of the maximum and minimum features is unchanged in the two sets of compounds, and applying a scaling factor to compensate for the varying number of Mn atoms in each set produces nearly identical amplitudes and profiles (data not shown). This shows that, compared to XANES, Kb XES is more susceptible to changes in oxidation state rather than differences in the overall ligand environment and is reliable in determining Mn oxidation states. (Fig. 7) . The equilateral triangle formed by the three Mn atoms is distorted towards an isosceles configuration with a slightly shorter Mn-Mn distance between the Mn III atoms. More importantly, the Mn-O distance to the central oxygen atom is much longer (2.15 Å ) for the Mn II atom than for the Mn III atoms (1.82 Å ) and this forces the central oxygen atom to a position that is slightly above the plane formed by the Mn atoms. Additionally, there is a wide range in the short distance interactions to Mn by neighboring oxygen or nitrogen ligands (1.95-2.24 Å ) and this serves to decrease the observed FT and k-space amplitudes though destructive interference. In the Mn 4 O 2 compounds the observed effect is less severe because the Mn II atom occupies one of the wing positions rather than the central di-m-oxo bridged Mn core (Fig. 2) . The Mn-Mn bond distance among the two di-m-oxo bridged Mn atoms is comparable for both oxidized and reduced compounds (2.85 Å and 2.78 Å ) while the mono-moxo bridged Mn atoms are further differentiated according to the number of benzoate ligands. In Mn 4 O 2 (III), the difference in the average Mn-Mn distance due to one vs. two benzoate ligands is small (3.38 Å vs. 
Discussion
Motivated by the Mn cluster of the photosynthetic oxygen evolving center, this study uses Mn model compounds with homologous structures but differing oxidation states to examine the effect of Mn oxidation on the observed X-ray spectra. Previous studies of the individual S-states of the OEC show that Mn is oxidized during the S 0 -S 1 and S 1 -S 2 transitions, however, there is a long-standing controversy concerning the involvement of Mn oxidation in the S 2 -S 3 transition. Based on XANES data, Ono et al. 27 and Iuzzolino et al. 28 conclude that Mn oxidation is involved in this transition whereas Roelofs et al. 36 support a ligand-centered oxidation due to the lack of a significant energy shift in the XANES spectra between S 2 and S 3 . Because Kb XES is less sensitive to ligand effects than XANES, it has been recently applied to the individual S-states of the OEC. Messinger et al. 26 conclude that the small energy shifts in both XANES and XES, relative to those observed for the S 0 -S 1 and S 1 -S 2 transitions, support a ligand-centered oxidation during the S 2 -S 3 transition. Nevertheless, it has been argued that an opposing effect could cause the lack of an energy shift in XANES and Kb XES data; namely, a structural change in the OEC during the S 2 -S 3 transition which offsets the effects due to Mn oxidation. To resolve this issue, the influence of oxidation-state and structural changes on XANES and Kb XES spectra needs to be established. This study presents a set of trinuclear Mn complexes in oxidation states (III 3 ) and (II,III 2 ), and a set of tetranuclear complexes in oxidation states (III 4 ) and (II,III 3 ), that are characterized using XAS and Kb XES.
The Mn XANES K-edge is sensitive to changes in oxidation state and ligand environment that are manifested as shifts in the observed inflection point energy (IPE) as well as changes in the overall band shape. Conversely Kb XES is the result of an exchange interaction between the 3d and 3p orbitals. 39 The splitting between the Kb 0 and Kb 1,3 peaks becomes smaller for higher oxidation states because fewer 3d valence electrons are available to interact with the 3p hole. 40 Thus, in contrast to XANES, the Kb 1,3 XES bands shift to lower energy with higher oxidation states and are less sensitive to the ligand environment. The energy values of Kb 1,3 bands are calculated using the first moment integration over a set energy region. Because the entire Kb 1,3 band is included for energy determination rather than the single point IPE used in XANES, it is much less sensitive to the chosen integration limits and is well suited to reliably quantify small energy shifts.
Different in nature, XANES and XES provide complementary insights and our results show that these techniques are a powerful combination for detecting changes in oxidation state. We see that the Mn K-edge XANES spectra shift to higher energy and the XES Kb 1,3 peak shifts to lower energy upon oxidation in each of the two sets of compounds examined (Figs. 3-5 ). Not surprisingly, the XANES difference spectra (Fig. 6A) for the two sets of compounds are distinct from each other especially in the region 46555 eV where ligand interactions have a higher influence. Also the shifts in IPE between the two sets of compounds are notably different (1.64 eV for Mn 3 O vs. 2.20 eV in Mn 4 O 2 ). Therefore, care must be exercised when correlating the Mn K-edge energies to Mn oxidation states without taking into account the nature of the ligand environment and the overall structure of the compound. For example, in the XANES of the Mn 3 O compounds the intensity of the pre-edge feature increases when the center of symmetry is disrupted by the Mn II or when the overall symmetry is lower (other ligands in Mn 3 O(II)). In the Mn 4 O 2 compounds, the preedge feature is also slightly higher for Mn 4 O 2 (II). The effects of symmetry and bonding are evident in the EXAFS region where both Mn 3 O(II) and Mn 4 O 2 (II) have greatly decreased k-space and FT amplitudes, as compared to their respective structural analogs. This is due to a broader distribution of neighboring interactions. Detailed in the Results section, the range of Mnligand distances and angles is wider for the reduced compounds and this leads to destructive interference in the k-space wave thus decreased FT profiles. This is particularly apparent in the trinuclear compounds where the short distance interactions to the Mn II are noticeably longer than for the Mn III atoms. The FT profile of Mn 4 O 2 (II) is not as affected as that of Mn 3 O(II) because the Mn II atom is not located at the di-m-oxo core structure, nevertheless a decrease in amplitude and shifts to longer apparent distances are similarly observed. In short, the dramatic differences detected in the FT profiles of these compounds show that EXAFS analysis is especially sensitive to the ligand environment. With this in mind, we would like to note that previous EXAFS characterization of the Mn 4 Ca cluster of the OEC at each S-state [14] [15] [16] [17] show that the structural changes observed after each oxidizing step are comparable to those measured in these model compounds (Mn-Mn distance changes of 0.1-0.3 Å ). The reported XANES K-edge energy shift for S 0 -S 1 (proposed Mn II-III oxidation) [16] [17] [18] is also comparable in magnitude to those observed in this study, while the K-edge energy shifts for the S 1 -S 2 and S 2 -S 3 transitions are smaller. Evidently both Mn oxidation and ligand interactions have an effect on the observed XAS.
In contrast to XANES and EXAFS, the Kb XES spectra show much less dependence on ligand environment or the structure of the complex (Figs. 5 and 6B ). Despite differences in the structure of Mn 3 O and Mn 4 O 2 , the effect of the Mn oxidation change on the XES of both sets of compounds is remarkably similar. The change in the Kb 1,3 1st moment values is 0.12 eV in the trinuclear compounds vs. 0.09 eV for the tetranuclear compounds. In addition, the profiles of the difference spectra between reduced and oxidized species are very similar for the two sets (Fig. 6B) . The small difference in the intensity is consistent with the fact that in the trinuclear complex, one of three Mn III is being reduced, while only one out of four Mn III is being reduced in the tetranuclear complex. Comparison with the larger spectral changes observed in XANES indicates that the XES technique is less sensitive to the structure or ligands of the complex and predominantly dependent on the oxidation state. This is supported by a previous XES study of Mn model compounds where Visser et al. 25 showed uniform 0.20 to 0.22 eV decreases in the Kb 1,3 first moment energy for a set of electrochemically prepared Mn-oxo binuclear compounds with Mn(II,III -III,IV -IV,IV) oxidation state changes. The deconvoluted Kb XES difference spectra for those compounds were also remarkably similar regardless of structural differences thus demonstrating that XES is a reliable measure of oxidation state changes rather than ligand effects. In PSII,Messinger et al. observed a shift of 0.06 eV in the Kb 1,3 first moment energy for the S 1 -S 2 transition where 1 Mn out of 4 is oxidized, and a shift of 0.02 eV for the S 2 -S 3 transition. Accompanied by subtle structural changes in the Mn 4 Ca cluster detected in EXAFS, these small Kb 1,3 shifts are nonetheless accurate measures of changes in the Mn oxidation state. Combining this technique with results from XANES and electron paramagnetic (EPR) measurements reinforce the proposal for a ligand-centered oxidation during the S 2 -S 3 transition.
In conclusion, XAS studies on structurally homologous model compounds provide a meaningful reference point for interpretation of the data from PS II. The work presented here confirms that shifts in both XANES and XES should be observed upon changes in Mn oxidation, but for XES such shifts are quantitatively related to the oxidation state. Additionally, it supports Messinger et al.'s assignment of Mn oxidation states and changes in oxidation states in the OEC during the S-state transitions.
